Upon cooling, glass-forming liquids experience a dynamic decoupling in the fast β and slow α process, which has greatly influenced glass physics. By exploring an extremely wide temporal and temperature range, we find a surprising gradual change of the relaxation profile from a single-step to a two-step decay upon cooling in various metallic glasses. This behavior implies a decoupling of the relaxation in two different processes in a glass state: a faster one likely related to the anomalous stress-dominated microscopic dynamics, and a slower one associated with subdiffusive motion at larger scales with a broader distribution of relaxation times. DOI: 10.1103/PhysRevLett.118.225901 The relaxation dynamics of glasses is one of the most challenging unsolved problems in condensed matter physics and material science [1] [2] [3] [4] [5] . As the temperature is decreased below the melting point, supercooled liquids exhibit a two-step decay in the temporal evolution of the density fluctuations [1, 2] . This behavior can be attributed to the occurrence of two distinct relaxation processes: the initial fast process is associated with rattling of the particles in the cages made by the nearest neighboring particles and escaping from the cages (β process), while the following slower process (α process) concerns long-range translational motion after their escape from the cages [1] . In the frequency domain, the same phenomenology leads to the emergence of a broad bump at high frequency associated with fast β relaxation, and a more pronounced peak at lower frequencies due to the slow α process [6, 7] . Upon further cooling, the system eventually becomes a glass [3] .
The relaxation dynamics of glasses is one of the most challenging unsolved problems in condensed matter physics and material science [1] [2] [3] [4] [5] . As the temperature is decreased below the melting point, supercooled liquids exhibit a two-step decay in the temporal evolution of the density fluctuations [1, 2] . This behavior can be attributed to the occurrence of two distinct relaxation processes: the initial fast process is associated with rattling of the particles in the cages made by the nearest neighboring particles and escaping from the cages (β process), while the following slower process (α process) concerns long-range translational motion after their escape from the cages [1] . In the frequency domain, the same phenomenology leads to the emergence of a broad bump at high frequency associated with fast β relaxation, and a more pronounced peak at lower frequencies due to the slow α process [6, 7] . Upon further cooling, the system eventually becomes a glass [3] .
The relaxations in a glassy state are extremely complicated and differ remarkably from that of their high-temperature precursors supercooled liquids [8] [9] [10] [11] [12] [13] [14] . The structural rearrangements far below the glass transition temperature T g have been recently reported in metallic glasses (MGs) [8, 9] and silicate glasses [10, 11, 14] . During the aging of polymers at relatively low temperatures, the enthalpy recovery was found to experience a peculiar double-step evolution towards equilibrium, indicating the presence of different time scales for glass equilibration [12] . These findings have drawn a broad interest to the issues of glass relaxation, but meanwhile leave open the question of what is the underlying origin for such complex dynamics. MGs are considered as model systems for studying the relaxation dynamics in the glassy state, as they have the simple atomic structure and can be regarded as dense random packing of hard spheres [15] . Their aging was recently found to display distinct relaxation behaviors [14] leading even to intermittent dynamics [13] .
In this Letter, we investigate the relaxation dynamics of various MGs by following the stress decay under a constant strain at temperatures ranging from T g down to the deep glass and time window spanning more than five decades. We find the surprising emerging of two distinct relaxation processes as the temperature decreases. While the second process corresponds to the structural α relaxation, the first one differs in both time scales and activation energy from the known β relaxation, implying the occurrence of a new process proper of the glassy state that shares many similarities with the microscopic anomalous dynamics of MGs [11, 14] . These results suggest the existence of additional active processes in the glassy state, which are not taken into account in previous experimental and theoretical works [1, 6] . Figure 1 shows the stress relaxation profiles of three typical MGs, Zr 44 Ti 11 Cu 10 Ni 10 Be 25 (T g ¼ 621 K), Zr 50 Cu 40 Al 10 (T g ¼ 693 K), and La 55 Ni 20 Al 25 (T g ¼ 471 K) at different temperatures, T. The stress σðtÞ is normalized by its initial value σð0Þ at t ¼ 0. More technical details about the sample preparation and experiments can be seen in the Supplemental Material [16] . The samples are preannealed at 0.9 T g for 48 h before the measurements. All systems show a decoupling of the relaxation into two steps. At temperatures around T g , the stress σðtÞ decays in a single-step fashion (closed symbols). This behavior changes when T is decreased 20 − 30 K below T g (open symbols). There, we do observe the formation of a shoulder for intermediate times (∼30 min) which becomes more and more prominent upon cooling, resulting in an unexpectedly well-defined two-step decay in the deep glass.
The relaxation spectra observed here, phenomenologically bear a striking resemblance to that usually observed in the density fluctuations in Lennard-Jones glasses [2, 17] , molecular supercooled liquids [18] , and colloidal suspensions [19] [20] [21] . In these works the fast process is independent on both T and time, and is due to microscopic PRL 118, 225901 (2017) Selected for a Viewpoint in Physics P H Y S I C A L R E V I E W L E T T E R S week ending 2 JUNE 2017 interactions between a particle and the cage created by its nearest neighbors. This fast process reflects a diffusive particle motion and it is usually described by a single exponential decay (thus with a shape exponent ¼ 1) [21] . In contrast with those works, here we probe the stress response in the deep nonequilibrium glassy state, and we observe a completely different additional decoupling between two dynamical processes.
At high T (closed symbols in Fig. 1 ), the standard Kohlrausch-Williams-Watts (KWW) function,
provides an excellent fit to the data. Here, Γ 0 is the relaxation rate, γ 0 the exponent, and t is the time. For lower T (open symbols in Fig. 1 ), the model function (1) fails to describe the data and the two-step decay can be perfectly captured by a double KWW expression:
where Γ 1 and Γ 2 represent the characteristic fast and slow relaxation rates, respectively, γ 1 and γ 2 are the corresponding exponents, and A and (1-A) give the relaxation strength. The parameters obtained from the fits are shown in Fig. 2 as a function of T g =T for better comparison. In all MGs, the relaxation rates display a universal decoupling between the fast and the slow process at T g =T ∼ 1.03 [ Fig. 2(a) ]. Both Γ 1 (half-filled symbols) and Γ 2 (open symbols) decrease with temperature but in a very distinct way. Γ 2 decreases for as large as ten decades, while Γ 1 varies within less than one decade over the probed temperature range. In addition, all Γ 2 collapse well onto a single master curve, implying the 
existence of a similar dynamics for the slowest process. The Arrhenius fit to the data yields an activation energy ΔE 2 ¼ ð51.7 AE 1.1Þ k B T g , i.e., 2-3 eV for MGs investigated here. This collapse does not occur for Γ 1 when plotted against T g =T (see Fig. S1 [16] for clarity), while the data overlap well when reported as a function of the inverse temperature ð1000 KÞ=T [inset in Fig. 2(a) ]. Here, the Arrhenius fit yields an activation energy ΔE 1 ∼ 0.1 eV independent of T g , or rather, of the composition. According to our current knowledge, two main kinetic mechanisms are responsible for relaxation in the glassy state, i.e., the fast β Johari Goldstein (JG) relaxation and the slow structural α process [6, 7] . At first sight, it seems plausible that the unexpected fast decay observed here can be ascribed to the JG relaxation. However, these two processes are incompatible with each other on both the time scale and the apparent activation energy. In MGs, the relaxation rate of the β process is typically in the order of 1 s −1 around 0.7T g (see, e.g., Refs. [6, 7] ), while our process is much slower, with a rate of already ∼10 −3 s −1 at the first step [see Fig. 2(a) ]. In addition, the apparent activation energy of β relaxation depends on T g and it would be approximately 26k B T g for MGs [6, 22] , i.e., 1.1-1.6 eV for our systems. As mentioned before, remarkably, the fast decay reported here has almost negligible apparent activation energy ∼0.1 eV, which strongly contrasts with the usual β relaxation, and cannot therefore be ascribed to this well-known process. The initial decay herein shows different timescales and activation energy with respect to those observed in enthalpy relaxation of glassy polymers [12] . This could be related to the different nature of the systems and the probed temperature range. Indeed, the data in Ref. [12] correspond to T g =T in the range of 1-1.05, thus to a narrow range where our two processes do still merge [ Fig. 2(a) ], and the first process exhibits relatively low activation energy seemingly decreasing with temperature. Notwithstanding, in both cases, the occurrence of an additional step during the glass relaxation implies a complex dynamic behavior during structural relaxation not accounted for in previous macroscopic studies [15] , which leads to a reconsideration of many phenomenological models for relaxation in glasses [1, 23] . Figure 2(b) shows the temperature dependence of the KWW exponents. At high temperature σðtÞ exhibits a unique stretched decay (γ 0 < 1), where γ 0 decreases with temperature. In the two-step regime the data can be described by two KWW decays with distinct exponents: as T decreases the exponent of the first decay, γ 1 (half-filled symbols), increases progressively from ∼0.7 to above 1, finally saturating at ∼1.3 for both Zr-based MGs and at ∼1.5 for the La-based MG. Conversely, the exponent of the second decay γ 2 is less than 1, continuously decreases with T, and is independent on glass composition. This contrasting going-up versus going-down evolution of γ 1 and γ 2 with cooling highlights the distinct nature beyond the two relaxation processes. The peculiar behavior that γ 1 reaches above 1 for T g =T > 1.1 is in clear contrast with the following slower step and with previous works [3] [4] [5] where the stress response has been always associated with a stretched exponential decay, with thus a shape parameter lower than 1. Such anomalous compressed (γ > 1) decay has been observed in the microscopic dynamics of a variety of systems, including soft matters [24] [25] [26] [27] [28] [29] [30] [31] , MGs [13, 14, 32, 33] , and even magnetic structures [34] , and it has been described in terms of a ballistic particle motion relaxing randomly distributed internal local stress dipoles [24] [25] [26] . Differently, the long time dynamics can be associated with the typical slower subdiffusive motion and heterogeneous dynamical scenario [5, 25] . The dominant role of internal stresses in the fast process is also confirmed by the low activation energy of Γ 1 (less than 0.1 eV) which suggests an almost negligible contribution from thermal energy. A similar phenomenon has been seen also in density fluctuations of a colloidal suspensions close to the jamming transition [31] . Here the KWW exponent increases from below to above 1 and finally saturates around 1.3 as the volume fraction increases [31] . In MGs the density increases by approximately 1.5% from ∼T g to room temperature [35] . Thus, it seems plausible that the increase of γ 1 is associated with the proximity of the glass transition and the densification of the system as temperature decreases. This is consistent with the picture of the local stress dipoles dominated ballisticlike particle motion preceding the long-range structural rearrangements of the whole matrix.
To shed some light on the mechanism responsible for the observed occurrence of distinct relaxation processes in the deep glassy state, we studied this phenomenon as a function of the annealing time and for different strains. Figure 3(a) shows the stress relaxation profiles of La 55 Ni 20 Al 25 glasses with different ages, i.e., as-cast and preannealed at 0.9T g for different annealing times t a . The as-cast sample shows a normal fast nonexponential decay (γ 0 ∼ 0.7). As the sample ages, the decay splits in two step. We find that the relaxation rate of the slow process decreases with t a as a power law Γ 2 ∼ t −2=3 a , whereas the first process appears independent on t a [see the inset in Fig. 3(a) ]. In both cases, the shape of the curves remains basically constant, with γ 1 ∼ 1.2 and γ 2 ∼ 0.5. Figure 3(b) shows the response function of Zr 44 Ti 11 Cu 10 Ni 10 Be 25 under different strains at 519 K, the samples are preannealed at 0.9 T g for 48 h. The upper right inset in Fig. 3(b) shows the initial stress before relaxation as a function of the imposed strain. As the strain reaches ∼1%, the stress deviates from the linear dependence on strain, i.e., yielding starts. At smaller strains (i.e., below 0.7%), the normalized relaxation strength associated with the fast process increases with strain. In the plastic flowing regime (above 1%) the relaxation still follows a two-step behavior and the curves collapse on the top of each other. Curiously, the corresponding relaxation
week ending 2 JUNE 2017 rates and shape exponents appear independent of the imposed strain within the experimental uncertainty [see the lower left inset in Fig. 3(b) ]. Such a two-step behavior provides, thus, a new clue to understand the plastic deformation of MGs which deserves additional studies. From the viewpoint of the potential energy landscape (PEL) [3, 36, 37] , the stress decay is indicative of rearrangements in the system to release the additional nonequilibrium energy with sampling alternate local minima. During the aging, the system explores deeper energy minima with higher barriers and the frequency of transitions between local minima reduces [36] . As a consequence, the relaxation rate of the second process decreases [ Fig. 3(a) ]. Interestingly, the fast process is not affected by the aging and has almost negligible apparent activation energy. This suggests that during this fast process, the glass is likely trapped in an energy basin where it relaxes on few atomic distances to release local stresses prior to the slow translational motion. At high T or for high energy state (like, e.g., in the as-cast sample) on the PEL, the structural relaxation occurs on faster time scales, resulting in a merging of these two processes in a single decay of the stress function. Strain causes a decrease of the height of the barriers within different minima and can lead to a curvature of the potential energy surface [37] . In this scenario different strain would result in different morphology. Our data show that the profile of the stress relaxation remains unchanged even beyond the yielding regime [ Fig. 3(b) ]. An intuitive understanding is that the dynamics will not be affected by the morphology change of PEL provided that the relative position of the system on the PEL still remains unchanged.
The finding of decoupling of the relaxation dynamics extends our knowledge of glasses far beyond the orthodox understanding of glass relaxation, and a more complete scenario can be sketched. As schematically shown in Fig. 4 , at high T, the dynamics of viscous liquids can be described by the cage rattling of the particles and their escape from the cage, with the subsequent decoupling in β and α relaxations. In a glassy state, we do observe the new decoupling: the faster process could be related to microscopic internal stresses annihilation, likely due to ballisticlike particle motion, while the slower mode appears associated with a broader distribution of relaxation times probably associated with larger length scales. Distinct dynamical processes and intermittent structural relaxation have been recently observed also in the atomic motion of various glasses by means of x-ray photon correlation spectroscopy (XPCS) [11, 13, 14, 32, 33] . Intriguingly, we note that the measured relaxation times occur on time scales comparable with that of the initial fast step in our data, and both processes share the analogous compressed exponential decay associated with internal stresses [13, 14, 32, 33] . XPCS provides indirect information on density fluctuations on a microscopic scale of few Å [14, 32] . The absence of the second slow process in that XPCS data is likely due to its (Fig. S3 [16] ). The red line is the Vogel-Fulcher-Tammann (VFT) [3] fit to the α-relaxation data and the blue line the Arrhenius fit to the β-relaxation data.
PRL 118, 225901 (2017) P H Y S I C A L R E V I E W L E T T E R S week ending 2 JUNE 2017 macroscopic nature, being associated with the relaxation of the whole matrix. Our findings suggest the existence of a direct link between microscopic and macroscopic relaxations, opening the field to further studies aimed to clarify the rich dynamics and in-depth mechanisms of glass relaxation. Recently, there have been debates to ascertain whether there exists a finite temperature divergence of the dynamics below T g [38] [39] [40] [41] [42] [43] . Our experimental evidence shows the existence of two distinct relaxation processes in a glassy state. While the fast process has a clear nondivergent nature as it does not display any relevant temporal or temperature dependence, the second process displays a marked Arrhenius dependence on the temperature [see Fig. 2(a) ], which as well is not compatible with a diverging scenario. Nevertheless, such a complex relaxation spectrum could not exclude the presence of a diverging time scale.
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